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Underground muon intensities up to 10000m.w.e. and angular distribution up to 6500m.w.e. in standard rock have been
investigated using Geant4 simulation package. Muons with energies above 100GeV were distributed from the ground level taking
into account the muon charge ratio of ∼1.3 at sea level. The simulated differential muon intensities are in good agreement with
the intensities given in the literature. Furthermore, the simulation results for the integrated intensities are consistent with the
experimental data, particularly at depths above 4000m.w.e., where the simulation gives slightly smaller intensities than the
experimental ones. In addition, the simulated exponent n at different underground depths agrees well with the experimental points,
especially above ∼2000m.w.e.
1. Introduction
Interaction of the primary cosmic rays (mostly protons
and alpha particles) with the atmospheric nuclei produces
secondary cosmic rays that are able to reach the Earth’s
surface. Among the mentioned secondary cosmic rays are
muons, which are the most abundant charged particles at sea
level. They interact weakly with the media they propagate in
and can even penetrate large thicknesses of water, ice, or rock.
The energy loss mechanisms, such as ionization and atomic
excitation, bremsstrahlung, electron pair production, and
photonuclear interactions, play a role while muons propagate
in the matter [1].
Significant pieces of information can be achieved from
underground or underwater muon investigations. For
instance, a direct correlation exists between underground
muon intensities and meson production in the stratosphere
[2] due to different sensitivities of pions and kaons against
temperature changes. Furthermore, deep underground
muon data are useful for background estimations in the un-
derground areas housing neutrino experiments, and muon
intensity measurements at various depths yield information
on the electromagnetic processes that reduce the flux [1].
Additionally, information on the spectrum, as well as the
composition, of the primary cosmic rays with energies above
∼1014 eV can be obtained from deep underground muon
data. Therefore, underground muon studies have been
attracting a continuous attention for the past several decades
(see, for instance, [3–10]). Recently, Monte Carlo simulations
have also been utilized in order to investigate intensity
[11] and angular distributions [12] of muons at relatively
shallower depths.
As the high energy muons are not affected by the mag-
netic field of the Earth, they show no azimuthal dependence
at sea level. Since only the energetic muons reach significant
depths, underground muons have no azimuthal dependence
as well. On the other hand, underground muons do show
a zenithal dependence. This is because muons with larger
zenith angles, compared to the ones with smaller angles,
lose more energy in the medium they propagate through.
Therefore, the intensity of muons incident with a large zenith
angle reaching a particular depth is expected to be smaller
than that of vertical muons. The zenith angle distribution of
underground muons could be expressed by
𝐼 (𝜃, ℎ) = 𝐼 (0
∘
, ℎ) cos𝑛 (𝜃) , (1)
where 𝜃 is the zenith angle, 𝐼(0∘, ℎ) is the vertical intensity,
and 𝑛 is an exponent at the depth of ℎ.The exponent 𝑛, which
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works for zenith angles 𝜃 ≤ 40∘ anddepths up to∼5000m.w.e.
[4], is given by
𝑛 = 1.53 + 8.0 ⋅ 10
−4
ℎ + 𝜖, (2)
where the depth ℎ is in hg/cm2 (m.w.e.) and 𝜖 is a small
correction coming from muon decay and ionization losses at
shallower depths [1]. Since at greater slant depths the neutrino
induced muons dominate, the usage of the cosine power low
of angular distribution becomes inadequate.
In the present study, deep underground muon intensity
up to 10000m.w.e. and angular distribution up to 6500m.w.e.
in standard rock have been investigated using Monte Carlo
simulations, and the simulation results have been compared
with measurements performed by different groups. The limit
of 10000m.w.e. was selected due to the reason that for deeper
depths neutrino-induced muons start to contribute to the
muon intensity dominantly.
2. Simulation
Geant4 (for GEometry ANd Tracking) is an object-oriented
toolkit, simulating the passage of particles through matter
[14] using Monte Carlo methods. This simulation package is
being intensively used in several areas including nuclear and
particle physics, medical and space physics. Its usage for the
studies of various cosmic muon properties, both at sea level
[15–18] and underground [11, 12], has recently grown.
In this work, deep underground vertical intensity and
angular distribution of cosmic muons are investigated using
Geant4 simulation package (release 4.9.3.p01). The Earth’s
crust was modeled as a rectangular box made of standard





with an average density of 𝜌 = 2.65 g/cm3, 𝑍/𝐴 =
0.50, and 𝑍2/𝐴 = 5.50 (𝑍 and 𝐴 being the atomic and mass
number, resp.) [19].
Positively and negatively charged muons with energies
above 100GeV were distributed isotropically [18] (𝜃 ≤ 60∘)
from the ground level taking into account the muon charge
ratio of ∼1.3 at sea level (see, e.g., [20]). The threshold energy
of 100GeV is selected in order to eliminate the low energy
muons that do not have enough energy to reach the under-
ground depth of interest. Energy distribution of the primary
muons used as input in the simulations was resembled to
the measurements by Rastin [13] below 3TeV. For muons
with energies high enough to reach deep underground, the
distribution was extrapolated up to 20 TeV (see Figure 1).
The Low and High Energy Parameterization (LHEP)
and the standard electromagnetic (emstandard) models have
been used for hadronic and electromagnetic interactions,
respectively. Detailed information on these models can be
found in the Geant4 web page [21].
Energies and zenith angles of the muons reaching the
depth up to 10000m.w.e. in the simulated rock sample
were recorded for 20 levels with 500m.w.e. increment. The
integrated intensity for each level up to 10000m.w.e. and the
angular distribution up to 6500m.w.e. were determined. The

























































Figure 1: Sea level muon distribution: measurements by Rastin [13]
and primary muons used in Geant4 simulation (color online).
3. Results and Discussion
The simulation results for the normalized local spectrum,
which was defined as the differential energy spectrum nor-
malized to the corresponding integrated intensity, of under-
ground muons are given in Figure 2 for various depths in
standard rock. The figure, in which the error bars are smaller
than the marker size for most of the bins, illustrates that for
relatively low muon energies (up to ∼100GeV) the spectrum
has a tendency to become flat with increasing depth. For
the depth ℎ > 2500m.w.e., the underground differential
spectrum of muons is again constant for low muon energies
but, independent of the depth, steepens to reflect the surface
muon spectrum at muon energies above ∼500GeV. One can
also notice that the shape of the spectrum also seems to
become independent of depth as the depth gets bigger than
ℎ > 2500m.w.e.These results are in good agreement with the
information in the literature [22, 23].
The integral intensity of muons underground obtained
from the Geant4 simulation is illustrated in Figure 3 as
a function of depth in the range 500–10000m.w.e. with
500m.w.e. increment. Also in the figure are shown several
data points from various experiments [3, 5, 8]. One may
conclude that the simulation reproduces the experimental
results well especially at depths above 4000m.w.e, below
which the simulation yields slightly smaller intensities than
those the experiments give.The red solid line indicates the fit













The fit yields 𝐴 = (0.89 ± 0.07) × 10−6 cm−2 s−1 sr−1 and
ℎ
0
= 1307 ± 3m.w.e. The fit parameters obtained from
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Figure 2: Normalized differential muon intensities in selected
depths of standard rock (color online).
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Figure 3: Integrated intensity ofmuons as a function of depth (color
online).
Table 1: Fit parameters from intensity-depth relation in (3).
Experiment 𝐴 (×10−6 cm−2 s−1 sr−1) ℎ
0
(m.w.e.)
Fréjus 1989 1.96 ± 0.09 1184 ± 8
LVD 1995 1.77 ± 0.02 1211 ± 3
Fréjus 1996 2.18 ± 0.05 1127 ± 4
MACRO 1995 1.81 ± 0.06 1231 ± 1
Geant4 0.89 ± 0.07 1307 ± 3
various experiments (Fréjus 1989 [24], LVD 1995 [25], Fréjus
1996 [26], andMACRO 1995 [7]) together with the ones from

















Figure 4:The simulated and experimental exponent 𝑛 as a function
of depth in standard rock (color online).
Lastly, the exponent 𝑛 has been extracted for every
500m.w.e., starting from 500m.w.e. up to 6500m.w.e. depth,
by fitting the simulated zenith angular distribution of under-
ground muons with the expression 𝐼(𝜃) = 𝐼(0∘)cos𝑛(𝜃) for
𝜃 ≤ 40
∘. The obtained values of 𝑛 have been drawn as a func-
tion of depth in standard rock (see Figure 4). The figure also
includes the exponent values from two experiments [3, 5].
Comparison between the exponent values obtained from the
simulation with the ones obtained from the measurements
shows that the simulation gives very consistent results with
the experimental ones, especially above ∼2000m.w.e. Below
that depth, the simulation yields slightly larger exponent
values.The red solid line represents the function given in (2).
4. Conclusions
In the present simulation study, underground muon inten-
sity up to 10000m.w.e. and angular distribution up to
6500m.w.e. in standard rock have been investigated using
Geant4 simulation package.The differential muon intensities
obtained from the simulation are in good agreement with
the ones in the literature. Also, the simulation results for the
integrated intensities are consistent with the experimental
data especially at depths above 4000m.w.e., below which
the simulation yields slightly smaller intensities than the
experiments. Furthermore, the exponent 𝑛 for each depth
underground agrees, in general, well with the experimen-
tal points. Slight disagreement between the simulated and
experimental 𝑛 values for depths below ∼2000m.w.e. could
be attributed to the interaction models and is the subject of
further investigations.
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